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It has been suggested that binding coherent targets depends on the capacity of excited cortical cells
to fire in synchrony at -40 Hz. However, the origin of stimulus-related cortical oscillations is still
not clear. We hypothesized that 40 Hz oscillations might propagate to the visual cortex from the
lateral posterior-pulvinar complex (LP-P) whose cells send fibers to the visual cortex and have a
tendency to exhibit oscillations. To test our hypothesis, we recorded single unit activity in areas 17
and 18 of anaesthetized cats. The activity of neurons which showed oscillations evoked by optimal
visual stimuli was analysed before, during and after a reversible inactivation of the LP-P with
GABA. Such inactivation was found to markedly modifi the strength of oscillatory activity of
cortical neurons whose visual responses were affected by LP-P blockade. In contrast, the oscillation
frequencies of cortical neurons were not modified by such inactivation. However, in some cells
(three of nine), oscillatory activity was found to be completely abolished by iqjection of GABA into
the LP-P. Collectively, these findings demonstrate that inputs from the LP-P play a key role in
modulating the oscillatory activity of visual cortex neurons. Assuming that cortical neurons utilize
oscillatory activity to encode perceptual aspects of the visual stimulus, our findings underscore the
contribution of the LP-P in this process. Copyright @ 1996 Elsevier Science Ltd.
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INTRODUCTION
Over the past few years several laboratorieshave focused
their interest on the occurrence of rhythmic electrical
activityof visually responsiveneurons(Gray et al., 1989,
1990;Bringuieret al., 1992;Younget al., 1992;Eckhom
et al., 1993). Although rhythmic activity has been
described many decades ago (Kuffler, 1953; Milner,
1974) the renewed interest grew from a challenging
suggestionthat assembly of neurons of the visual cortex
may resonate, that is, fire in synchrony at 30-80 Hz,
when coherent targets are applied in appropriate
receptive fields (Malsburg & Singer, 1988; Jagadeesh et
al., 1992). Functionally, it was proposed that these
cortical oscillationsare the temporal code which may be
associated to binding mechanisms by which targets
properties or characteristics could be linked together to
allow a unified perception of visual stimuli (Gray et al.,
1989, 1990; Engel et al., 1992; Singer, 1993). However
the origin of this oscillatoryactivity is still unclear. It has
been reported that oscillatory patterns occur already at
subcortical levels, in the lateral geniculate nucleus
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(Munemori et al., 1984; Ghose & Freeman, 1992) and
even in the retina (Kuffler, 1953;Robson & Troy, 1987).
However it was reported that these subcortical oscilla-
tions appeared independently from stimuli parameters
and were present in the spontaneous activity (Ghose &
Freeman, 1992).On the other hand, it has been suggested
that cortical oscillationscan occur as a consequence of
synchrony(Singer, 1993),that is, they may be of cortical
origin. There is also evidence, from intracellular record-
ings in the visual cortex, that cortical oscillatory
responses are generated largely by rhythmic synaptic
input (Bringuieret al., 1992). This does not exclude the
contributionof subcorticalstructuresto this process. We
propose that the lateral posterior–pulvinarcomplex (LP–
P) could participate in the generation of cortical
rhythmicity.Our hypothesis is supported by the follow-
ing observations:
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1.
2.
3.
LP–P cells have a tendency to exhibitoscillationsin
rabbits (Casanova & Molotchnikoff,1993);
LP–P cells send fibers to ‘areas 17 and 18 in cats
(Albus et al., 1980; Hughes, 1980; Bullier et al.,
1984);
Receptivefieldsof LP–P neuronsare large (Chalupa
& Fish, 1978; Mason, 1978, 1981; Benedek et al.,
1983). Along these lines, LP–P neurons lack sharp
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4.
5.
6.
A
tuning to visual attributes such as orientation,
direction selectivity and color.
Receptivefieldsof many LP–Pneuronsare centrally
located in the visual field (Raszkowski & Rosen-
quist, 1981; Chalupa et al., 1983);
LP–P is associated with generation of visual
salience (Robinson, 1993); and
LP–P blockade abolishesthe difference in response
magnitude between focal and global stimuli pre-
sentations(Shumikhinaet al., 1993).
model of visual attention and invariant pattern of
recognitionhas been described (Olshausenet u1., 1993).
In the model the pulvinar fulfilsa strategic function.It is
proposed that this thalamic complex modulates atten-
tional shifts,and expandsor shrinksattentionalwindows.
The proposal is based upon the fact that LP–P enables
attendedtargets to be representedin cortical areaswithin
an object-centred reference frame that is position and
scale invariant.
To test the above hypothesis at single cell level, we
recorded stimulus-dependent oscillatory activity of
neurons in areas 17 and 18 of the cat. Oscillations
emerged in response to specific visual features. After
these responseswere recognized, LP–P was deactivated
with local GABA injections to determine whether the
oscillatorypattern persisted or disappeared.
METHODS
Animal preparation
Adult cats (2.5–3.5kg) premeditated with Atravet
(acepromazine maleate, 1 mg/kg, i.m.) and atropine
sulfate (0.04 mg/kg, i.m.) were anesthetized with
ketamine hydrochloride (25 mg/kg, i.m.) prior.to catk-
terization of the femoral vein and tracheotomy. Xylo-
caine (lidocaine hydrochloride, 2%) was injected at
surgical sites, and xylocaine cream was applied to
pressure points. Cats were placed in the stereotaxic
apparatus, paralysed with gallamine triethiodide (Flax-
edil, initial dose 40 mg and 10 mg/kg/lm during the
experiment,iv.) and artificiallyventilatedwith a mixture
of gases ((N20/oz–70/30 supplementedwith 0.5–1.()%
halothane(Fluothane)for the durationof the experiment.
Flaxedil was delivered to the animal continuously in a
mixture of 5% dextrose in lactated Ringer’s solution.A
heatingpad was used to maintainthe body temperatureat
37.5”C. Electrocardiogram and expired C02 were
monitored throughout the experiment. The end tidal
C02 partial pressure was kept constant between 28 and
30 mm Hg by adjustingthe rate and depth of respiration.
The antibacterial agent Tribrissen (24%, 30 mg/kg per
day, s.c.) and the antibiotic Penlong (0.2 ml, i.m.) were
administered to the animal. Pupils were dilated with
atropinesulfate (l%) and the nictitatingmembraneswere
contracted with phenylephrine hydrochloride (2.5%).
Piano contact lenseswith no artificialpupilswere placed
on the cat’s eyes to prevent the cornea from drying. In
most cases stimuli were presented monocularly, the
unused eye being occluded. The loci of the areae
centrales were inferred from the positions of the blind
spots, which were ophthalmoscopicallyback-projected
onto a translucentscreen.
Recording
Extracellular single unit activity in the cortex (Hors-
ley–Clarke coordinates F = 0.0-6.0; L = 0.0-6.0) was
recorded by a glass micropipette (tip diameter l.5–
3.0 pm) filledwith a solutionof sodiumchloride (0.9%).
After the microelectrode was inserted, the cortex was
covered by warm agar (34’% in saline) and wax. The
neuronal action potentials were amplified and sent to a
computer where they were recorded with 1 msec
resolution for on-line and off-line analysis. Oblique
electrode penetrations were made in areas 17 and 18.
Small electrolytic lesions (4 mA, 4 see, tip negative)
were made at two or more sites for a histological
determinationof electrodepositionsafter the experiment.
Visual stimulation and data collection
After a single unit recording was obtained, the cell’s
receptive field was determined using a hand-held
projector with a narrow slit of light projected on a
translucentscreen placed 57 cm (1 cm= 1 deg arc) from
the cat’s eyes. The limits of the receptive field were
drawn as preciselyas possibleon the screen.During these
preliminary tests, qualitative properties such as dimen-
sions, orientation and directional selectivity, ocular
dominance and velocity preference were noted. The
quantitative evaluation of cellular responses was
achieved electronically with images generated on a
cathode ray screen (Mitsubishi Electronics, effective
display area of 380x 285 mm, refresh rate of 60 Hz)
centred on the receptive field and synchronizedwith the
data acquisition process. The refresh rate of the screen
may be a potential source of artefactual oscillations;
however, shuffling correlograms allows one to reveal
suchoccurrencesand discardthese cases, three such units
were observed and are not considered further in the
present investigation. Tests were carried out with
stationary or moving bars or with drifting sinusoidal
gratings,dependingupon the stimulustypewhich evoked
optimal responses. During quantitative tests, visual
stimuli were presented in blocks of interleaved trials.
Each stimuluswas typicallypresentedseven to fiftytimes
and shown to both eyes. During these runs, peristimulus
time histograms (PSTHS) and interspike interval histo-
grams (IEIHs)were accumulated.PSTHSwere computed
for time of analysiscorrespondingto the time of stimulus
presentation.In most cases, stimuliwere presented at 50
or 80’%contrast as our preliminary tests indicated that
LP–P inactivation often resulted in diminishing re-
sponses. Stimuli were symmetrically expanded about
the centre of the classical receptive field. Spontaneous
activity was tested with no stimulus presented for the
same number of trials and under the same mean
luminance as for tests with the appropriate stimulus.
Cellswere classifiedas simpleor complexaccordingto
criteria based on those of Hubel and Wiesel (1965). The
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classification was also confirmed by using grating
stimuli.
Local inactivation of thepulvinar
Local reversible inactivation of the pulvinar was
achieved by injection of GABA (y-aminobutyricacid,
0.1 mM in saline), which is known to depress cellular
activity in this region (Robinson, 1993). A glass
micropipette(tip diameter 25–30 pm) filled with GABA
was fixed in a holder which was connected to a micro-
pump. The micropipette was inserted in the pulvinar
according to the stereotaxic coordinates [F= 6.0-6.5;
L = 4.0-5.0; H= 4.0-6.0 (Jasper & Ajmone-Marsan,
1954)]. As these coordinates correspond to a border of
the lateral and medial parts of the lateral posterior
nucleus where one of three main representationsof the
area centralis in the LP–P is located (Albus et al., 1980;
Raszkowski & Rosenquist, 1981), the injection micro-
pipette could be placed in approximate retinotopic
correspondencewith the position of the cortical micro-
electrode. Chicago Sky Blue (2%) was added to the
GABA solutionto permithistologicalconfirmationof the
location of the injecting pipette at the selected pulvinar
site. GABA was injected into the pulvinarunder positive
pressurein volumeswhich couldbe adjustedaccordingto
the goal of the experiment. A silver wire (150pm in
diameter) was inserted into the micropipette in order to
monitor multiunit activity at the injection site. Initially,
the rate of injectionwas set to 60-80 nl/minfor 5–10 see,
until the LP–P activitywas suppressed.The blockadewas
maintained for the duration of the tests by adjusting the
rate of injection to 10-20 nl/min. The LP–P activity
recovered within 20-35 min after terminating the injec-
tion. In general, the responsesof the LP–P and the cortex
returned to initial levels in a parallel fashion.
Data analysis
Two methodswere combinedto analyseoscillationsin
responses of cortical cells: making autocorrelograms
(ACRGS)of spike activities and application of the Fast
Fourier Transform (FFT) to the ACRGS (Ghose &
Freeman, 1992).
The ACRGS were computed from spike trains
accumulated during data acquisition.To examine rhyth-
mic discharges of neural origin, shift predictors were
computed by cross-correlatingspike recordings shuffled
by one or two stimulus presentations, and these were
subtracted from the “raw” ACRGS. Recognition of
oscillatorypattern had to meet three criteria:
1.
2.
3.
ACRGShad to have at least two periodicallyspaced
peaks;
the shuffledACRGShad to show no modulation;
peaks in the “raw-shuffled”ACRGShad to exceed
~heconfidencelimitscalculatedby our softwareby a
factor of two (level of probabilityP = 95%).
The computationof the confidencelimits allows us to
determine whether peaks in ACRGS are statistically
significant. This type of analysis takes into account a
-...
possiblevariabilityof occurrenceof peaks in the ACRGS
between successive trials. The mean peak amplitude of
the first two or three peaks above the zero line in the
“raw-shuffled”.ACRGS was defined as the modulation
amplitude.(Calculationsperformed in the “raw-shuffled”
ACRGS permits us to precisely measure oscillation
strength with noise subtracted.) To estimate the effect
of the LP–P inactivation on oscillatory responses, we
performed for each cell a statistical comparison of
oscillation strength (the mean values of “before” and
“during” conditions). A corresponding comparison of
these mean values in “recovery”and “during”conditions
and “recovery” and “before” conditions served as
controls for possible influences of LP–P blockade on
oscillatory activity.
The oscillationfrequencieswere derived from the FFT
histograms.The FFT analysis of ACRGS is suitable for
getting a control for occurrence of oscillations in
neuronal responses. The ACRGS (bin width 1 msec)
were set to span intervals from —256 to +256 msec
before the Fourier Transform.For FFT histograms,noise
was estimated by averaging the power between 250 and
500 Hz or, in the case of the presence of detectablepeaks
in the upper 250 Hz of the power spectra (which
presumably results from equal interspike intervals in
some cell bursts), by averaging the power up to these
peaks. Our calculationsshowed (by comparing estimates
of significance of peaks in the ACRGS, deducted by
computing the confidence limits for the “raw-shuffled”
ACRGS and calculating signal/noise ratios for peaks in
the FFT histograms), that peaks in the FFT histograms
can be consideredsignificantif signal/noiseratio exceeds
1.5. This ratio corresponds to the value obtained by
Ghose and Freeman (1992) in their analysis of sig-
nificanceof peaks in the FFT histograms.To estimate the
effect of LP–P inactivationon oscillatory responses, we
also performedindividuallyfor each cell a comparisonof
oscillation frequencies and of signal/noise ratios under
“before”, “during” and “recovery” conditions.
In additionto the abovecomputationswe measured the
amplitudeof cellular discharges as spike counts derived
from peristimulus time histograms. Statistical compar-
ison (mean, standard error and standard deviation)of the
magnitude of cells responses under “before”, “during”
and “recovery”conditionswas performed for each cell to
estimate the strength of the influence of the LP–P
inactivation on cortical cells’ discharges. For neuronal
responsesto gratings,we used computer-calculatedspike
counts per second, trial by trial, for time of analysis
corresponding to the time of stimulus presentation. For
bar stimuli,we used spike countsper second for constant
time window correspondingto the location and width of
peaks in PSTHS. The application of the Z-test to our
values allows an estimation of levels of significance
(a= 0.05) between different conditions.
Histology
At the end of the experiment, the animal was deeply
anaesthetized with Nembutal and perfused through the
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FIGURE 1. Photomicrographof a frontal section showing the location and the spread of GABA in the LP–P after a single
GABAinjectionin the structure.The arrowpointsto the injectedsite. LGNd,the dorsal lateral geniculatenucleus.Lpl and Lpm
are the lateral and medial parts of the lateral posterior nucleus, respectively. Scale bar: 2 mm.
heart with saline and paraforrnaldehyde.The brain was
removed and prepared for histology. Blocks of tissue
containing the electrode tracks were sectioned on a
freezing microtome. Every other section of the cortex
was prepared for Cresyl Violet staining to define the
positionof the microelectrodein cortical areas 17 and 18.
The position of the injection micropipettewas precisely
indicated by the Chicago Sky Blue staining. As our
physiological controls have shown, mean volume of
depressed tissue during LP–P inactivation can be
estimated to be a sphere of -400-500 pm in diameter
for a single GABA injection in the LP–P (Molotchnikoff
& C6rat, 1992). In these experimentswe have tested the
spread of GABA following a typical injection. For this
purpose, immediately after the injection the GABA
containingelectrodewas progressivelydisplaced(up and
down) to recover the multiunit activity. In the vast
majority of cases the initial 200 pm were silent. Beyond
this trajectory multiunit activity could be recorded. The
volumeof injectionis related to the time requiredto test a
cortical unit, which varied according to cell properties.
Figure 1 shows the injecting site (arrow). As a rule we
kept the same coordinates as described above; this
precaution ensures that the injection is applied at a
sufficientdistance from the lateral geniculatenucleus.
RESULTS
Activity of 123 single cortical neurons (area 17:49,
area 18:74) was analysed for the occurrence of oscilla-
tions in their firing. Twenty percent of neurons exibited
stimulus-dependentoscillations above the significance
level (24 cells, 17/18:9/15). Oscillatory activity was
observed in 2290of simple cells (14 neurons out of 63
cells of this family), in 1770of complex cells (6 neurons
out of 35) and in 16Y0of unclassifiedcells (4 neuronsout
of 25). Spontaneous activity did not show oscillations
above noise level. Furthermore the spontaneous firing
level of most simple cells is so low that such rhythmic
discharges are difficult to observe. The effect of LP–P
inactivationwas tested in 15 cortical cells (eight simple,
five complex, two unclassified) which exhibited clear
oscillations in their firing. Responses of nine of these
neurons (five simple, three complex, one unclassified)
were affected during the LP–P blockade.
Figure 2 gives an example of the effect of LP–P
blockade on a complex cell from area 17. Drifting
gratingsof differentspatialfrequencieswere employedin
this case to stimulate the cell. This cell oscillated
(-58 Hz) only for one spatial frequency (0.2c/deg)
which was optimal for this unit (Trace 1). The same
neuron failed to exhibit rhythmic pattern at other spatial
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FIGURE 2. Effect of pulvinar inactivation is shown for a periodic complex cell (WN2) from area 17. Autocorrelograms
(ACRGS)computed from responses of this cell to drifting gratings of two spatial frequencies and the FFT histograms @W)
show clear oscillations at -58 Hz for optimal stimulus parameters only (A: Traces 1, 7 and 10; Trace 7 represents the second
presentation of the same optimal stimulus). Fifty presentations of the stimulus for each trace. Gratings were drifting with
temporal frequency of 2 Hz; spatial frequency: 0.2 c/deg for Traces 1-4 and 7, 8 and 0.1 c/deg for Traces 5, 6. PSTH,
peristimulus time histogram. Calibration (A, B): spikes/bin.For this figure and Figs 3 and 5: bin width 1 msec for ACRGS,
1.95Hz for FFI’s,10msec for PSTHS.Inactivationof the pulvinarreducessignificantlya magnitudeof responsesof this cell (B,
C) and the strengthof oscillatoryactivity (B, D). CONT.,prior to injection;INJ., duringinjection;REC.,recovery.Meanvalues
with standard error bars are shown.
frequencies.For instance,decreasingspatialfrequencyto
0.1 c/deg did not evoke any oscillations (Trace 5). A
second trial with optimal spatial frequency (0.2 c/deg)
restored oscillations (Trace 7). The shuffled ACRG
showed no modulation, thus indicating that the oscilla-
tory response was of neural origin (Trace 2). Also, the
FFT histogram (Trace 10) shows a clear peak with a
signalhoise ratio of 4.1. Injecting LP–P with GABA
significantlyreduced the strengthof the response [Traces
11 and 14; Fig. 2(C)] and the magnitude of the
oscillations [Fig. 2(D) and compare Traces 9 and 12].
Arresting injection of GABA into the LP–P re-estab-
lishedboth the responsemagnitudeand oscillationsof the
cortical cell (Traces 17 and 15 and C, D) to the levels
recorded prior to injection.Signal/noiseratio of the peak
in the FFT histograms(Traces 10, 13 and 16) decreased
from 4.1 to 2.9 during GABA injection in the LP–P.
When activityin the LP–P returned to its pre-inactivation
level, the signal/noise ratio was restored to the value
obtained before LP–P blockade (4.3).
A second example is provided in Fig, 3. Clear
oscillatory activity (-29 Hz) was evoked during the
application of a light bar sweeping across the receptive
field (Trace 5). Even if the optimal (0.05 c/deg)grating
evoked a robust responseof the cell (Trace 4), there is no
oscillatoryactivitywithin its dischargepattern (Trace 1).
Injection of GABA in the LP–P resulted in a significant
increaseof the responsemagnitudeof this cell evoked by=
optimalbar stimulus(Trace 14;C) and correspondinglya
strongincreaseof the oscillationamplitude(Trace 12;D).
In the “recovery” condition, both measured parameters
returned to the values recorded before inactivation
(Traces 17, 15;C, D). The FIWanalysisof corresponding
ACRGSis shown in Traces 10, 13 and 16. Although the
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FIGURE3. Simplecell from area 18. In this example, the cell showedoscillationsat -29 Hz only for bar stimulus [a light slit
(0.5 x 7 deg) movingacross its receptivefieldwith velocity8 degkec; sevenpresentationsof the stimulusfor each trace, Traces
5-8] (A). Traces 1-4 represent autocomelogramsand PSTH computed from responses of this cell to drifting gratings (0.05
c/deg, 2 Hz, seven presentations of the stimulus for each trace). The start of each trace corresponds to the start of stimulus
presentation. Inactivation of the pulvinar increased significantlyresponses of this cell (B, C) and the strength of oscillatory
activity (B, D). Conventionsas in Fig. 2.
LP–P blockade significantly modified the strength of
oscillations,we never observedchangesof the oscillation
frequencies (Fig. 4).
The above examplesclearly demonstratethat injection
in the LP–P results in modulation of the oscillation
magnitudeof cortical neuronal responses.This was seen
in eight neurons out of nine cells whose responseswere
affected duringthe LP–P inactivation.In two neuronsout
of these nine cells the effect of LP–P inactivationwas so
robust that the magnitude of the oscillations fell below
the significance level (see Methods). One example is
presented in Fig. 5. This simple cell responded equally
well to sine-wave gratings (Trace 4) and to a light bar
sweeping across the receptive field (Trace 8). However
only the latter stimulus generated oscillations of
relatively high frequencies (-154 Hz) (Trace 5). The
LP–P blockade resulted in a weaker response (Trace 14;
C) and a virtual destruction of the oscillatory pattern
(Trace 12; D). The FFT histogramsin this case show no
discernible peak during the LP–P inactivation (Trace
13). Estimation of signal/noise ratio at the same
frequency as for the “before” condition indicates a value
below the significancelevel. When this cell was tested
during partial recovery of LP–P activity the peak in the
FFT histogramappearedat the same frequencyas prior to
LP–P blockade (Trace 16).At 154 Hz the signal to noise
ratio is 1.6 (Trace 16).
Figure 6 emphasizes the fact that modulation of the
oscillations may be unrelated to response magnitude.
This figure exhibits for each tested cell (identifiedby its
code on X-axis) the signal/noiseratio obtained from FFT
analysisprior to, during and after LP–P depression.The
ratios are plotted in ascending order. In addition, arrows
indicate the direction of the response modification
(upward: increase, downward: decrease). This figure
indicates that during LP–P deactivation there is a
modulation of the amplitude of cortical oscillations in
10 out of 14 cells [see also Fig. 3(B)]. This occurred in
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FIGURE4. Distributionof oscillation frequencies before, during and
after a reversible inactivation of the LP–P is plotted for all analysed
cells.
eight out of nine unitswhose responseswere modifiedby
LP–P blockade, and also, in two cells (FC1 and YN5)
whose dischargeswere not significantlychanged during
LP–P depression.In five cells responseswere augmented
during LP–P blockade. However, stronger oscillations
were revealed only in one cell [FC6, Fig. 3(B)]. Finally,
neurons CN1, KN2 and EN2 augmented their evoked
firing during injection and diminished the amplitude of
theiroscillatoryactivity,as the signal/noiseratio declined
in each case. It is also noteworthy that in three units the
signal/noise ratio fell below the significance level
(indicated by a dashed line). This survey suggests that
mechanisms which drive response modulations on the
one hand and oscillation modulationson the other hand
may be attributed to separate processes.
DISCUSSION
The major observation of the present investigation is
that the LP–P modulates the magnitude of oscillations
along with the response amplitude. Furthermore, our
results disclose that oscillatory patterns within evoked
discharges can be apparent when specific stimuli are
applied within the receptive field. Thus, it appears that
some type of stimulus will generate rhythmic activity
while other modesof stimulationseem to be inefficientin
generating oscillations.
The involvement of LP–P complex in visual cortical
processing is not surprising because neurons of these
nuclei send axons to areas 17 and 18 as shown in both
cats and monkeys (Benevento & Rezak, 1976; Ogren &
Hendrickson, 1977; Albus et al., 1980; Hughes, 1980;
Bullier et al., 1984). Thus, there is an anatomical
substrate for such LP–P-cortical influences. We have
previously described the influence of the LP–P on
visually evoked responses of cells of areas 17 and 18
(Shumikhinaet al., 1993). In agreementwith our earlier
observations, approximately 60% of neurons in these
cortical areas are affected during LP–P inactivation.The
present study indicates that decline or augmentation of
cortical cell responses is accompaniedby modulation of
the strengthof the oscillationsevoked in theseneuronsby
optimal visual stimuli. These data suggest that the LP–P
participates in establishmentof oscillatory responses of
cortical cells. However oscillation frequencies remained
in most cases unmodifiedduring the LP–P blockade. On
the other hand, as our investigationhas revealed in -30%
of cortical cells, the LP–P influencecan be so robust that
oscillatory patterns seem to be completely destroyed if
the LP–P is inactivated.Such an effect is independentof
the strength of the LP–P influence on the response
magnitude (Fig. 6). It suggests that the LP–P input can
contribute to generation of cortical oscillations. Two
cellular processes may be suggested to explain how
cortical oscillationsare modulated by LP–P excitability.
LP–P units may raise (or decrease) the excitability of
cortical neurons by adding a DC component to the
membrane evoked depolarization;therefore inactivating
the pulvinar will decrease (or increase) both responses
and oscillations. Alternatively, the LP–P itself may
provide a periodic input which may occur during visual
stimuluspresentation.This periodic inputcould be either
in phase or in a short phase-lagwith cortical oscillations.
In both cases, depressing the LP–P will result in
modifications of cortical activity. In a previous report
(Shumikhina & Molotchnikoff, 1995), we have shown
that the LP–P does exhibit stimulus-dependentoscilla-
tionswhose frequenciesfall in the rather extensive range
of frequencies recorded in the present study. This latter
findingfavoursa pulvinarcontributionof a periodic type.
Role of the LP–P in cortical oscillatory activi~
Two broad roles were put forward regarding LP–P
functions. The first hypothesis suggests that the LP–P
may help to generate visual salience and is related to
attentionprocesses (Petersen et al., 1985, 1987; Rafal &
Posner, 1987; Bender, 1988; Desimone et al., 1990;
LaBerge & Buchsbaum, 1990; Robinson, 1993). For
instance, it was revealed that pulvinar neurons showed a
spatiallyselectiveenhancementof visual responseswhen
the monkey is covertly attending to a stimulus location
(Petersen et al., 1985). Also, positron emission tomog-
raphy studies suggest that the pulvinar becomes more
active when there is a need to filter out irrelevant events
(LaBerge & Buchsbaum, 1990).In addition, the pioneer-
ing experimentsof Chalupaet al. (1976) show that visual
pattern discrimination is affected after lesion of the
pulvinar.
The secondhypothesissuggeststhat the LP–P acts as a
“traffic-cop”which regulates the neuronal flow between
cortical areason the one hand and between the latters and
subcorticalareas on the other. This particular role stems
from its strategic anatomical relationships with other
visual areas. Indeed, the LP–P has reciprocalconnections
with all major cortical visual areas and with brain stem
nuclei or structures involved in oculomotor functions
(Olshausen et al., 1993). Thus the LP–P stands as a
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“crossing point” for major paths along which the visual
neural stream travels. In this position,the LP-P may gate
the neuronal impulses: either exerting permissive action
which enhances the evoked discharges or a restrictive
influencewhich reduces responses.This dual action may
be exerted upon the oscillatory patterns of different
assemblies of neurons enlisted in processing complex
images.
The stimulus properties may be coded by the
~illatory structure of the neuronal discharges. Many
units may fire in synchrony, thus forming a neuronal
assembly (Malsburg, 1985; Maksburg& Singer, 1988).
Accordingly the segmentation of several objects is
attainedby cortical cells belongingto distinct assemblies
firing at specific frequencies. Crick and Koch (1990)
proposedthat the “bindingby synchrony”give rise to the
selective attention to targets with a unitary percept.
Such an oscillation-basedmodel for the neuronalbasis
of attention predicts that attention-driven frequency
modulation of striate cortex neurons can be carried out
by LP-P-cortical input (Niebur et al., 1993). The
hypothesissuggests that this modulation is used to enlist
neurons responding to properties of an attended object
and enables the system to suppress the activity to non-
attender objects present in close proximity to the target.
Although the results of the present investigation are
consistent with this hypothesis, the following important
point should be noted. It was proposed (Niebur et al.,
1993) that the LP–P input could modulate the temporal
structure of spike trains of a single cortical neuron
without changing its mean firing rate. Our results,
however, show that LP–P input modifies the response
magnitude of visual cortex neurons. The present data
further show that in some cases cortical oscillatory
patternscan be completelydestroyedby LP-P blockade,
suggesting that LP–P input can influence the temporal
structure of cortical neuronal responses. Although the
origin of cortical oscillations is still under debate, the
present investigation demonstrates that LP-P-cortical
input should be taken into account when this issue is
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inactivation of LP-P with GABA. Because of very large values of
oscillationstrength,the data forcell FC6are notplotted here [itsvalues
are shown in Traces 10, 13 and 16 of Fig. 3(B)]. Arrows indicate
significant decrease (J) or increase (~) of discharge rates of cortical
cells during the LP-Pblockade. The level ofsignificance for cortical
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raised. Also,we suggest that the “bindingproblem” can
be resolved if LP–P-cortical input is taken into
consideration.For instance, there is evidence that long-
range tangential intracorticalconnectionscan berespon-
siblefor responsesynchronizationservingas substratefor
feature linkingand perceptualgrouping(L6wel& Singer,
1992). Our own experiments have shown that the LP–P
participates in the influenceof remote regions surround-
ing the classical receptive field of cortical neurons. We
have demonstratedthat when the LP–P is inactivatedthis
influence fails to occur as if the lateral intracortical
connectionswere disturbed (Shumikhinaet al., 1993)
Thus, by modulating oscillatory activity of cortical
cells and/or intensity of neuronal firing, the LP–P may
participate in the formation of neuronal assemblies
representingdifferentobjectsof the visual scene.Finally,
our results suggest that cortical cells may functionunder
two modes: one leading to the production of cellular
action potentials and another leading to an oscillatory
pattern.
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